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1 Title: Hearing Evaluation Device With Noise Detection and Evaluation Capability 

Inventors: Matthijs P. Smits and Bryan P. Flaherty 

Related Applications 

5 This application is related to the co-pending and commonly assigned U.S. Patent 

Application entitled "Hearing Evaluation Device with Patient Connection Evaluation Capabilities," 
attorney Docket No. 8668-2028, filed by Matthijs P. Smits, Vineet Bansal, Abraham J. Totah and 
Bryan P. Flaherty and the U.S. Patent Application entitled "Hearing Evaluation with Predictive 
Capabilities," attorney Docket No. 8668-2027, filed by Matthijs P. Smits and Christopher M. Coppin, 
10 the disclosures of which are hereby incorporated herein by reference. 

1 . Field of the Invention. 

The present invention relates to devices and methods that use electroencephalographic 
responses to auditory stimuli to evaluate hearing loss. More particularly, the present invention relates to 
the detection and evaluation of excessive noise factors, thereby increasing the reliability and speed of 
1 5 such evaluation. 

2. Background of the Invention. 

In the past, hearing impairment in babies and children was often not detected until after 
it was observed that the baby or child did not respond normally to sound. Unfortunately, it often took 
months or even years for the parent to observe the impairment, and by that time the child's language and 

20 learning abilities were negatively and often irreversibly impacted. Indeed, recent studies indicate that 
the vocabulary skills of hearing impaired children markedly increases if their hearing loss is detected 
early. The optimal time to evaluate for hearing loss is thus immediately after birth, both because early 
detection allows for early treatment, and because parents often fail to bring their infants for later 
appointments. As a result, a number of states have implemented programs to evaluate newborns for 

25 hearing loss. 
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1 However, babies, especially newborns, cannot participate in traditional hearing tests, 

which require the subject to indicate if he or she hears the auditory stimulus. Thus, devices and methods 
have been developed to objectively determine hearing loss, without the voluntary participation of the 
subject. One such method involves analysis of the involuntary electroencephalographic (EEG) signals 
5 that are evoked from a subject in response to an auditory stimulus. It has been found that when a subject 
is able to perceive a sound having particular characteristics, a specific EEG waveform known as an 
Auditory Brainstem Response (ABR) is generated. This ABR response signal is typically small in 
magnitude in relation to general EEG activity. Therefore, statistical and signal processing techniques 
have been employed and developed to help detect, to a pre-defined level of statistical confidence, 

10 whether an ABR response has in fact been evoked. ABR testing is especially applicable to evaluation 
of infants, but can be applied to any subject. 

The ABR that is evoked in response to the auditory stimulus may be measured by use of 
surface electrodes on the scalp or neck. As a practical matter, the electrodes will also detect noise 
signals from neural activity (besides the ABR), muscle activity, and non-physiological, environmental 

15 noises. Accurate detection of excessive noise, and excessive non-physiological noise, has thus been a 
challenge for those developing ABR evaluation tests. It would be especially advantageous to discern 
non-physiological noise, because such noise may be ameliorated or even eliminated (such as by moving 
or turning off an interfering device). 

The present invention represents a major advance in the art because it allows for more 

20 accurate detection of excessive noise, and because it provides a method to detect non-physiological 
noise. 

3. Description of the Prior Art. 

Several techniques have been used to minimize the physiological noise inJheEEG^ 
response from an auditory stimulus ( see M. Don and C. Elberling, Evaluating Residual Background 
25 Noise in Human Auditory Brain-Stem Responses, J. Acoust. Soc. Am. 96 (5), Pt. 1 : 2746-2757 (1994)), 
including signal averaging and weighted signal averaging, signal filtering, artifact rejection, stimulus 
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1 modification, targeted electrode placement, and various techniques designed to relax or sedate the 
subject. 

The prior art also details techniques that evaluate the current noise content in the 
averaged EEG response against a pre-set threshold, which represents a stopping criterion for the hearing 
5 loss evaluation. However, the prior art does not provide for the detection of excessive noise in relation 
to non-physiological noise sources or the use of normative data. 

The prior art also addresses some excessive acoustic noise issues by rejecting EEG 
responses if the ambient acoustic noise amplitude exceeds a certain pre-set threshold. Such ambient 
acoustic noise can be detected from a microphone placed on or near the earphones of the subject, and if 
10 it exceeds a predetermined voltage threshold, then EEG responses obtained at or near the time of 
excessive noise can be rejected. Additionally, the ambient noise received by the microphones can be 
filtered before analysis, to exclude noise that is unlikely to interfere with testing by masking the auditory 
click stimulus. 

4. Objects and Summary of the Invention. 

1 5 The present invention provides a device and method for use in analyzing the EEG signal 

evoked in response to an auditory click stimulus, to determine if the subject suffers from hearing loss. 
Broadly, the invention is directed to devices and methods that are capable of detecting excessive noise, 
based upon analysis using normative data, and using certain statistical techniques. This invention also is 
directed to devices and methods capable of detecting certain non-physiological noise, and determining 

20 when such non-physiological noise is excessive. Additionally, this invention allows for an improved 
determination of whether the ambient acoustic noise in the test site is excessive. 

In one embodiment of the invention, evoked EEG responses to auditory stimuli are 
collected, and organized into "sweeps," with each sweep containing the response signal for one auditory 
stimulus. The sweeps are organized into blocks, with each block containing a number of sweeps. 

25 The response signal for each sweep is digitized and converted into a series of binary 

numbers corresponding to whether the amplitude of the response signal is positive or negative at various 
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1 points in time. The digitized, binary waveform is compared to a benchmark ABR waveform to 
determine if the ABR is present. To make this determination, a polarity sum is calculated, which 
represents the sum of the polarities of the response signals at each measured point in time. Statistical 
techniques are then used to determine if an ABR is present, relying upon the expected distribution of 
5 polarity sums in the absence of an ABR. A "Pass" is triggered if the observed polarity sum distribution 
is determined to be statistically different, to a defined threshold, than that expected from random noise. 
After a certain number of blocks have been completed, the evaluation will cease if a "Pass" has yet not 
been triggered. Under such circumstances, the subject will be referred for further testing to determine if 
he or she in fact does suffer from hearing loss. 

10 In accordance with the present invention, evaluation may be paused if the noise 

contribution to the response signal exceeds a preset threshold, and therefore is deemed to be excessive. 
The preset threshold is preferably derived from an analysis with standardized normative data. The pause 
period allows the operator time to attempt to correct the excessive noise. Moreover, evaluation can also 
be paused if the contribution of non-physiological noise is excessive. One method of determining 

1 5 excessive non-physiological noise is to measure the extent to which the average sum of polarities 

deviates from chance, i.e., the extent to which the distribution of the average sum of polarities deviates 
from the distribution that would be expected. Another method of determining excessive non- 
physiological noise is to measure the difference between the mean and median EEG signal amplitude for 
a block of sweeps. If such deviation or difference is beyond a pre-set threshold (and therefore 

20 "excessive"), the evaluation may not only pause to allow the operator an opportunity to correct the 
problem, but the latest block of data may also be rejected. 

It may be desirable in some instances to alert the operator to the presence of non- 
physiological noise even if the noise is not deemed to be excessive. The operator could then attempt to 
ameliorate or even eliminate the noise, thereby increasing the efficiency of the test. The present 

25 invention therefore improves upon the prior art through its methods of automatically detecting excessive 
noise, and by detecting an excessive non-physiological component in the noise. 
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1 The present invention also provides an improved device and method to determine if the 

ambient acoustic noise is excessive, based upon signal energy, rather than noise amplitude, as 
commonly used in artifact rejection. 

As described below, the present invention makes extensive use of normative data. These 

5 normative data were derived from analysis of clinical data, and from computer simulations representing 
different testing conditions. Normative data have been used to develop the drawings described in the 
subsequent paragraph, and are thus representative of clinical and statistical (computer simulated) data 
that could be compiled by a person of ordinary skill in the art. 

5. Brief Description of the Drawings. 

10 Further features, elements, and advantages of the present invention will become apparent 

to a person of ordinary skill in the art in view of the following detailed description of a preferred 
embodiment of the present invention, made with reference to the drawings annexed, in which like 
reference characters correspond to like elements, and in which: 

Figure 1 illustrates a typical ABR waveform; 
1 5 Figure 2 illustrates a weighted ABR template; 

Figure 3 illustrates examples of typical symmetric 60 Hz noise and asymmetric 60 Hz 
monitor refresh pulse noise; 

Figure 4 illustrates excessive bias and noise detection thresholds as a function of signal 
noise and polarity bias; 

20 Figure 5 illustrates a bode plot of the hardware filtering for the ambient noise evaluation; 

and 

Figure 6 is a block diagram of the components of the testing apparatus of the present 

invention. 

6. Description of the Preferred Embodiment. 
25 a. Overview 

The invention disclosed herein detects, processes and analyzes the EEG response of a 
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1 subject to certain sound stimuli. A click sound stimulus is repetitively applied to the subject's ear 
through a transducer. The click stimuli may be applied to one ear at a time (monoaurally), or to both 
ears simultaneously (binaurally). In a preferred embodiment, monoaural stimuli are applied at 37 Hz. 

The EEG response is detected from surface electrodes. Testing may be performed to 
5 ensure that the electrodes have been properly placed, and that nothing is impeding the electrodes' ability 
to detect the EEG response signal. 

In a preferred embodiment ( see Fig. 6), the electrodes are placed on the subject in the 
following manner: a positive electrode is placed on the forehead, a negative electrode is placed on the 
nape of the neck, and a ground electrode is placed on the mastoid or shoulder. The EEG signal detected 
10 from these electrodes is filtered so as to exclude signals that are not applicable to the ABR. 

The amplitude of the EEG response is digitized, and is assigned a binary value. This 
binary value represents the amplitude polarity of the waveform, that is, whether the response EEG 
amplitude is positive or negative, at the measured time. 

The stimuli and responses are grouped into "sweeps" and "blocks." A sweep is a 
15 response waveform to a single click stimulus. A block is a series of sweeps, and in a preferred 

embodiment, represents 500 accepted click stimulus responses. We refer to "accepted" click stimulus 
responses, because results from some sweeps may be rejected from analysis due to problems with the 
testing conditions, as explained further below. 

Upon completion of a block of accepted sweeps, signal averaging is used to compute the 
20 composite waveform that results from this block. In addition, signal averaging is also used to compute 
the average composite waveform from all blocks combined. This average composite waveform is then 
compared with an internal template, to determine if the null hypothesis {Ho) can be rejected. The null 
hypothesis is the hypothesis that the baby is hearing-impaired (i.e., there is no ABR response), and will 
be rejected if the probability of hearing impairment is below a certain pre-set statistical threshold. In the 
25 preferred embodiment, the null hypothesis is rejected, and the evaluation ceases, when sufficient data 
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1 has been collected to conclude, with 99.96% statistical confidence, that an ABR waveform is present. A 
"PASS" or other similar message may then be generated. 

If the average composite waveform is insufficient to reject the null hypothesis, then the 
evaluation continues until the total number of sweeps exceeds a preset threshold. If the maximum 
5 number of sweeps has been exceeded, but the null hypothesis has not been rejected, then the subject 
would typically be referred for further testing to determine if in fact he or she suffers from hearing 
impairment. Additionally, for certain subjects, the present invention may be able to predict that the 
subject will not pass, thus obviating the need for lengthy testing. ( See U.S. Patent Application entitled 
"Hearing Evaluation Device with Predictive Capabilities," filed by Matthijs P. Smits and Christopher M. 
10 Coppin.) 

b. Signal Analysis 

The chief challenge in using ABR to evaluate for hearing loss is the difficulty in 
distinguishing the ABR response (if any) from the noise within which it is buried. This noise is typically 
Gaussian-distributed, with a mean amplitude of zero, and with changing variance. Additionally, certain 
1 5 non-physiological noise is distinguished by the fact that it is asymmetric, as illustrated in Figure 3, 
which shows a typical symmetrical 60Hz noise, and the asymmetrical noise associated with the refresh 
function of a computer monitor. 

As stated above, the present invention detects the presence of an ABR by repetitively 
applying click stimuli in blocks of Nt =500 sweeps. Each click stimulus is comprised of a brief acoustic 
20 pulse containing energy primarily in the 500-4000 Hz region. The repetition rate for the clicks is 37 Hz. 
The polarities of the click stimuli are sequentially alternated between condensation (positive square 
pulse) and rarefaction (negative square pulse) stimuli. Since the noise typically has a mean of zero and 
no component is asynchronous with the stimulus repetition rates, it is likely to sum toward zero with 
increasing sweeps, leaving the ABR. 
25 Under the preferred embodiment of the present invention, the amplitude sequence of each 

click stimulus response is converted into a sequence of polarities (positive or negative) which, in turn, is 
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1 summed with the other response polarity sequences in block b, to form the array Xb. For instance, an 
amplitude sample in the click stimulus response would be given a "1" if this amplitude were positive (no 
matter how high), and a "0" if this amplitude were negative (no matter how low). And, if no ABR were 
present the expected proportion of polarities, which is the same as the polarities of the ABR waveform 

5 would be 0.5. However, if an ABR were present, the proportion would likely be higher. The proportion 
of polarities in an evoked response matching the ABR waveform is related to the amount of signal noise. 

After each block of sweeps, the summed polarity sequence Xb for block b is summed with 
the other summed polarity sequences into an array X. Also, the total number of sweeps Wis calculated 
as the sum of the number of sweeps in each block: 



10 



25 



H 

6=1 

b = 1,2,..., B 



6=1 

H 



b=\ 



j ^ The summed polarity sequence X is then compared with a template waveform, which has 

been compiled with the use of normative data (see Fig. 1). This template is comprised of M weighted 
points, strategically placed to match the typical ABR waveform ( see Fig. 2). At each of the M points, a 
weight is assigned, reflecting the importance and polarity of the given measurement point in ascertaining 
the presence of an ABR, as derived from normative data. Thus, for any given point m, the sum of the 

2Q polarities would be The sum of the weights equals zero. 

The present invention uses a test statistic z to aid in determining if an ABR is present. 
This test statistic is defined as: 

z = ^] 



l Npq ± 

V m=\ 



where N is the number of sweeps, p is the probability of positive polarity, q is the complementary 
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1 probability. The test statistic z scores the random binary array by multiplying its elements x m at each 
template point m with the corresponding weight w m , and summing these results into a single, 
normalized number. Now, in the absence of an ABR, the peak of the distribution of z would remain at 
zero, while in the presence of an ABR, the test statistic would grow with increasing number of sweeps 

5 N. 

Subjects exhibit variability in the latency of the ABR waveform, so that different 
subjects, each of whom can hear, may exhibit ABR waveforms at different times after the click stimulus. 
In order to compensate for this variability, the test statistic z may be recalculated at various times. The 
highest z from each of these time-shifted samples, Zmaxy can be saved and used to determine the presence 
1 0 of the ABR. In a preferred embodiment of the present invention, a pass is indicated when z ma x reaches a 
value that is 4 standard deviations from zero. 

Additionally, it has been found that the peak-to-peak amplitude of the ABR in normal- 
hearing babies varies from baby to baby. As explained below, the present invention accounts for this 
variability in ABR amplitude, by making conservative assumptions about the ABR amplitude of the 
1 5 subject who is being tested. 

The present invention also discloses a method and apparatus for detecting excessive noise 
contribution, and for detecting non-physiological noise and determining when such non-physiological 
noise is excessive. 

Excessive (symmetric) noise detection is achieved by calculating the EEG signal variance 
20 for each block of sweeps, defined as: 



25 



_2 _ t=\ 
<J S - — 



T-\ 

T 



1*0 
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Here T represents all sample points in all sweeps in the block, and S(t) the EEG signal 
amplitude at sample time /. This signal variance is compared with a threshold signal variance derived 
from normative data. The variance threshold, corresponds to a level of noise so high that even a subject 
5 whose ABR was in the 90 th percentile in terms of amplitude would still fail 50% of the time. 

Under the present invention, excessive noise evaluation is conducted only after the 
completion of each block of sweeps. When excessive noise is detected, the evaluation pauses, and the 
operator is asked whether he or she wants to continue evaluation, or stop the evaluation to allow time to 
address and possibly ameliorate the excessive noise. 
10 The present invention also allows for the detection of excessive polarity bias in the 

response signal. Such polarity bias, fi 9 is associated with certain non-physiological noise sources, such 
as the refresh function on a computer monitor. Excessive bias can skew the average sum of polarities. 
Excessive non-physiological (asymmetric) noise detection is achieved by calculating the EEG polarity 
bias for each block of sweeps, defined as: 



15 



0 = 



1^ M 1 



This polarity bias is compared with the threshold bias associated with the 10 th percentile 
ABR waveform, which is based on the signal variance and is derived from normative data. 

20 Using normative data, along with the excessive noise techniques described, one is able to 

define regions of different combinations of noise variance and polarity bias, which are assigned with 
different test condition results, and which define adverse testing conditions (Fig. 4). In defining these 
regions of adverse testing conditions, the noise variances associated with the 10 th and 90 th percentile 
ABR waveform are used as the threshold curves for the excessive noise and bias detection. 

25 In accordance with another aspect of the present invention, one can evaluate polarity bias 

after the completion of each block of sweeps. If excessive bias is indicated, the last block of sweeps 
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1 may be rejected, and the operator may be queried as to whether the evaluation should continue, or 
should be suspended to address the excessive bias. 

The polarity bias indicator of the present invention turns on every time the bias exceeds 
the minimum threshold, which is set at four standard deviations away from the mean of the no-bias 
5 condition. Other levels could be used. Since the sources of asymmetrical noise, and hence polarity bias, 
are commonly non-physiological in origin, the bias indicator can be used to detect the presence of 
certain types of electrical interference from environmental sources, even if the polarity bias does not 
significantly affect the progression of imax. 

The present invention also provides for an improved ability to detect excessive ambient 
10 acoustic noise. Research has indicated that ambient noise can mask the click stimulus. ( See Jesteadt, et 
al. 9 "Forward-Masking Functions," J. Acoust. Soc. Am., Vol. 71, No. 4 April 1982). In order to address 
this problem, in accordance with the present invention the signal energy, £, of the ambient noise is 
measured, rather than the amplitude of the signal. Additionally, the present invention gathers signal 
energy measurements in three approximately 20-millisecond windows, each placed immediately prior to 
1 5 the onset of one of the last three clicks. Excessive ambient noise is determined according to the 
following equation: 

E = 4 i Z^w + tZ^w + ^Z^wl * ***** 

20 In this equation, T\ , 72 and 73 are the pre-click windows of time associated with the current, previous 
and 2 nd previous click, respectively, P n (t) represents the filtered microphone signal at sample time / for 
sweep «, and A / represents the sample time interval ( A / =0.25 milliseconds). If the weighted energy sum 
E exceeds a pre-set threshold, the current sweep is rejected and the rejection is noted through an 
indicator on the graphical user interface or otherwise. 

25 The generation of the click stimulus, the detection of the EEG response signal, the 

detection of the ambient noise, the processing and analysis of the EEG response signal, and the display 
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1 of the results are performed by conventional electronic means, e.g. digital microprocessor controlled 
devices. Such devices include a transducer to generate the auditory stimulus, conventional electrodes to 
detect the EEG response signal, a conventional microphone to detect the ambient noise. To analyze the 
EEG response signal a processing unit, such as a conventional microprocessor, and memory unit are 
5 needed. Additionally, a display unit and optionally an input device, such as a mouse and/or a keyboard, 
provide operator interface. 

As shown in Figure 6, stimulus generator 10 generates the click stimulus, and EEG 
transducer 20 detects the EEG response to the stimulus. Next, EEG signal conditioning 30 and signal 
processing 40 occur, readying the EEG response for analysis. Statistical analysis for the presence of an 

10 ABR 50 then occurs, and excessive EEG noise detection 60 simultaneously occurs, in accordance with 
the present invention. Also during evaluation, microphone 80 detects ambient noise, and this ambient 
acoustic signal undergoes signal conditioning 90 and processing 100, and excessive ambient noise is 
detected 1 10, in accordance with the present invention. Normative data 70 is used for both the excessive 
ambient noise analysis and the excessive EEG noise detection. Finally, a control device with user 

15 interface 120 displays the results. 

One skilled in the art will appreciate that the present invention can be practiced by other 
than the preferred embodiments, which are presented for purposes of illustration and not of limitation. 
In addition, the specific parameter values identified herein are useful or representative parameter values, 
and it should be understood that other values or ranges of values for these parameters may be used 

20 without departing from the spirit and scope of the invention. 



25 
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